Abstract This study analyses evidence for reformed basin development and basin-mountain coupling associated with development of the Ordos Basin and the Lüliang Mountains, China. Gaining an improved understanding of the timing and nature of uplift and evolution of the Lüliang Mountains is important for the reconstruction of the eastern sedimentary boundary of the Ordos Basin (a major petroliferous basin) as well as for providing insight into the evolution and breakup of the North China Craton (NCC). Based on systematic sampling for fission track analysis, it is suggested that the main phase of uplift of the Lüliang Mountains occurred since later part of the Early Cretaceous. Three evolutionary stages of uplift and development are identified: slow initial uplift (120-65 Ma), accelerated uplift (65-23 Ma), and intensive uplift (23 Ma to present), with the majority of the uplift activity having occurred during the Cenozoic. The history of uplift is non-equilibrium and exhibits complexity in temporal and spatial aspects. The middle and northern parts of the Lüliang Mountains were uplifted earlier than the southern part. The most intensive episode of uplift activity commenced in the Miocene and was associated with a genetic coupling relationship with the eastern neighboring Cenozoic Shanxi Grabens. The uplifting and evolutionary processes of the Lüliang Mountains area since later part of the Early Cretaceous share a unified regional geodynamic setting, which was accompanied by uplift of the Mesozoic Ordos Basin and development of the neighboring Cenozoic Shanxi Grabens. Collectively, this regional orogenic activity is related principally to the far-field effects of both the compression sourced from the southwestern Tibet Plateau and westward subduction of the Pacific Plate in Cenozoic.
Introduction
The Lüliang Mountains are located in the middle part of the North China Craton (NCC). These mountains form a largescale uplift structure that trends in an approximately NNE-SSW orientation, for ~400 km; along the length of the range, mountain peaks attain an altitude that ranges from 1500 to 2831 m, thereby forming one of the major mountain ranges in the NCC. The Lüliang Mountains adjoin the Cenozoic Shanxi Grabens along their eastern boundary, and neighbor the Ordos Basin to their west along the Lishi Faults Zone (Figures 1 and 2 ). Discussions about the original depositional extent of the Ordos Basin during Mesozoic have been on-going for decades: due to the lack of constraint on the timing of uplift of the Lüliang Mountains, the eastern sedimentary extent of the Mesozoic Ordos Basin remains controversial (Ye, 1983; Zhang, 1983; Zhao, 1990; , 1992; Sun et al., 1985; Liu C Y et al., 2008; Cheng et al., 1997; Wang and Zhang, 1999; Zhang et al., 2008; Zhao et al., 2006; Yang et al., 2012) . Thus, to define the timing and nature of uplift, and the evolutionary processes related to the development of the Lüliang Mountains is important because it contributes to clarifying the structural framework, tectonic setting, and destruction process of the central NCC; in addition, such study is crucial to understanding the origins of the Mesozoic Ningjing and Datong coal-bearing basins in and around the Lüliang Mountains area (Figure 1) .
Previous geological studies of the Lüliang Mountains region have focused mainly on the geological events in the Precambrian, establishment of a chronological framework (Shen et al., 1963; Geng et al., 2000; Xu et al., 2008) , and the early evolution of the NCC (Timothy and Li, 2003; Zhao et al., 2005 Zhao et al., , 2008 Zhai, 2011; Zheng et al., 2013) . The need to constrain the timing of uplift and the evolution processes has arisen in recent years. On the basis of regional sedimentological study and the examination of four suites of fission track data analysis, Zhao et al. (2009) initially revealed the possible uplifting timing, which commenced in the period from the end of the Mesozoic to the Early Cenozoic. According to analysis of the distribution of red clay of Neogene age in the Lüliang Mountains area and associated magnetostratigraphic dating study, Li et al. (2009 Li et al. ( , 2013 identified an episode of uplift that occurred during the Late Pliocene. Due to the limitations of sparsely distributed dating samples, previous studies have only provided partial information about the timing and nature of uplift of the Lüliang Mountains. As such, only sparse details and evidence have emerged relating to the complex spatio-temporal uplift history and evolution processes in the Lüliang Mountains area. Furthermore, the relationship between the Lüliang Mountains and their adjacent Ordos Basin during Mesozoic to Cenozoic remains uncertain. Consequently, some related scientific problems remain to be unsolved.
Fission track analysis (FTA) is an effective method of thermochronology, which is based on annealing behavior of spontaneous fission tracks of some 238 U-bearing minerals such as apatite and zircon. FTA is widely employed to disclose the multiple episodes of uplift, and denudation processes, and the mechanics of mountain-belt evolution (Peter, 2005; Donelick et al., 2005) . Although numerous case studies have demonstrated the validity of the technique, some limitations remain with the FTA approach. If samples experienced a complex thermal history or only partial annealing, their thermal history will be difficult to decipher. For those samples that experienced a cooling process less than 60°C (above the depth of apatite annealing belt), which is representative of the late Neogene uplift event, reconstructed ages and uplift timings are poorly constrained. To enhance the reliability of the FTA method, consideration is given in this study to basin-mountain coupling (Wang and Li, 2003; Liu and Zhang, 2005; Zhang G W et al., 2006; , which examines the interaction between mountain and adjacent basin development. Thus, this study integrates the fission-track thermochronology approach with analysis of stratigraphy and depositional record responses in and around the Lüliang Mountains area.
The aim of this study is to reconstruct the timing of uplift and evolution processes of the Lüliang Mountains. Specific research objectives are as follows: (1) to investigate the periodicity and variation of uplifting processes in temporal and spatial aspects; (2) to examine the relationship between the Lüliang Mountains and the adjacent Ordos Basin during the Mesozoic; (3) to infer the regional geological background and mechanics causing the uplift event.
Geological setting
Based on current understanding, the Lüliang Mountains area is subdivided into several sub-tectonic units: principal among these are the Ningwu-Jingle syncline (Ningjing Basin), the Luya Mountain compound anticline, and the Lüliang compound anticline (Zhao, 1990) .
The Ningwu-Jingle area, located to the north of the Lüliang Mountains area, is a compound syncline that folds the Carboniferous through Jurassic strata (Figure 2(b) ). In the central part of the Lüliang Mountains area, Loufan and Fangshan areas comprise the core of the Lüliang compound anticline, and this feature comprises the Archaeozoic to Proterozoic metamorphic and intrusive rocks. To the south of the Lüliang Mountains area is a region of broad syncline and anticline structures that fold the Upper Paleozoic and Lower Paleozoic strata (Figure 2(b) ). Previous studies have suggested that the Lüliang Mountains area is an Archaean to Middle Proterozoic collisional zone between the east and west blocks of the NCC during final craton assembly (Timothy and Li, 2003; Zhao et al., 2005 Zhao et al., , 2008 Zhai, 2011; Zheng et al., 2013) . By the Early Paleozoic, the Lüliang Mountains area is thought to have developed as an inherited ancient highland, which had suffered erosion and then gradually been denuded (Wang, 1995) . Conglomerate beds at the base of the Lower Cambrian succession in the Lishi area are thought to represent the derived, preserved products of this erosion event. These beds lie unconformably on the Archean gneiss and are generally considered to represent the proximal record of accumulation around the denuded ancient highlands (Feng, 1990; Wang, 1995) . The region became submerged following transgression during the Middle to Late Cambrian (Wang, 1995) . The Lüliang Mountains and central part of Shanxi province developed as a lagoon and carbonate platform setting during the Ordovician, as demonstrated by preserved strata that mainly comprise dolomite and limestone up to a thickness of 500 to 600 m (Feng, 1990) .
The Upper Paleozoic succession is widely developed in and around the Lüliang Mountains area and attains a preserved thickness up to ~1200 m. Interpreted sedimentary paleo-environments include lagoon, tidal flat, carbonate platform, delta, and fluvial systems (Shang, 1997; Fu et al., 2003) . Previous studies have demonstrated that the primary provenance that supplied the NCC during the Late Paleozoic was the northern Inner Mongolia area and Yinshan Mountain areas (Shang, 1997; Fu et al., 2003) . There is no evidence to demonstrate the existence of a paleo-uplift in the Lüliang Mountains area that could have acted to provide sediments and separate the NCC into two parts during the Late Paleozoic.
A complex fluvial-lacustrine succession accumulated in the middle-western NCC during the Late Triassic to Middle Jurassic. These Mesozoic strata comprise the fill of the Ordos Basin, which was subsequently intensively reformed and eroded since the Late Cretaceous in its eastern part such that only the western part now remains preserved intact (Figure 1 ; Liu C Y et al., 2008) . In the aftermath of this erosion event, only limited correlation of Mesozoic strata can be undertaken in and around the Lüliang Mountains region, chiefly in the Ningjing Basin, southwest Taiyuan City and in the Qinshui Basin (Figure 1) . Furthermore, previous studies show the strata in these areas exhibit a gradual transitional sedimentary relationship with the residual Ordos Basin in respects of lithofacies and their association (Cheng et al., 1997; Liu C Y et al., 2008; Zhao et al., 2010) . The Mesozoic strata records in the Ordos Basin and neighboring areas imply that the Lüliang Mountains area was not uplifted during the Late Triassic-Middle Jurassic.
After experiencing regional tectonic compression and denudation in the Late Jurassic, a widespread fluvial and aeolian succession was accumulated in the western NCC in the Early Cretaceous. Regional restoration of eroded stratal thickness suggests that the depositional extent in the Lower Cretaceous should be extended to the Lüliang Mountains area (Weng et al., 2009) . For the Late Cretaceous, there is no sedimentary record either in the Lüliang Mountains area or in the Ordos Basin. Finally, the Pliocene red clay and Quaternary loesses, both of which originated from Aeolian transportation, are widely accumulated in the Lüliang Mountains area and neighboring Ordos Basin. The Cenozoic Shanxi Grabens, including the Datong, Xinding, Jinzhong, Linfen, and Yuncheng Basins (Figure 1 ), located to the east of the Lüliang Mountains, began to subside since Neogene and generate accommodation to enable preservation of these deposits.
Data and methods
To constrain the uplift history and its regional variations across the Lüliang Mountains area, 22 samples were collected from three sampling sections across the Lüliang Mountains from the north to south (Figure 2(b) ). However, the strata exposed in the central and southern sampling sections are mainly limestone and dolomite of the CambrianOrdovician age and lack significant apatite grains; as such, 10 of the selected sample sites did not provide sufficient apatite grains for fission track analysis. Thus, a total of 12 suites of apatite fission track (AFT) data from the northern and central sampling sections and 4 suites of zircon fission track (ZFT) data from the northern, central, and southern sections were analyzed to obtain results.
The collected samples were crushed and abraded after primary separation. Apatite and zircon grains were then concentrated by a standard heavy liquid and magnetic separation method (Figure 2(b) ). Apatite grains set in epoxy resin were ground and polished to an optical finish to expose the internal grain surface. The FTA adopted the external detector method. Spontaneous tracks were etched to exposure by 7% HNO 3 for 30 s at 25°C. Muscovite was used as an external detector, which was etched after irradiation in 40% HF for 20 s at 25°C. Neutron fluency was monitored using CN5 uranium dosimeter glass. The fission tracks were measured using a high-accuracy optical microscope. Fission track densities of both natural and induced fission track populations were measured. However, only the crystals with prismatic sections parallel to the c-crystallographic axis were accepted for analysis as they have high etching efficiency. Lengths of horizontal confined fission tracks were measured using the routine proposed by Green (Gleadow et al., 1986; Green, 1986) . Age values were calculated using the IUGS-recommended constants and the equations of calibration fission track approach (Hurford and Green, 1982) . The FTA was conducted in the Institute of High Energy Physics, Chinese Academy of Sciences. Results are presented in Table 1 . 
Experimental results

The experimental results of apatite fission track (AFT)
The 12 suites of AFT data analyzed show younger apparent ages than their host rocks, which indicate that these samples have experienced complete annealing and are therefore suitable for use in analyzing their uplifting history (Table 1 , Figure 3 ). Of the 8 suites of data obtained from the northern sampling Figure 3 Radial plots, histograms, and their frequency curves of single apatite grain ages. 12 samples in total. The age data in radial plots are central ages.
section, 6 suites have   2 values that exceed 5%. Single-grain age histograms show typical single-peak distributions. The distribution modes of the track length are also mainly single-peak (Figure 3) , which indicates the action of a single thermal event that has geological thermal meaning. The remaining 2 samples have   2 values less than 5%, singlegrain age histograms that show bimodal (NW10) or multimodal distribution (NW11), and a distribution of fission track length that show a single-peak. All these features suggest that they experienced a relatively complex thermal history. The mean track lengths for all the 8 samples range from 12.6±2.0 m to 13.20±1.8 m, implying that the samples experienced nearly synchronous thermal evolution (Figure 4) . The Gauss fitting method is employed to decompose the mixed fission track ages of sample NW10 and NW11. Two younger ages (115 and 108 Ma) were obtained, respectively.
The   2 values of a total 4 samples obtained from the central sampling section are >5%. Single-grain age histograms show wider (LF01, LF03 and LF05) or narrower (LF06) single-peak distribution, indicating single thermal history evolution. The fission track lengths of sample LF03, LF05, and LF06 show single-peak distribution, whereas sample LF01 displays a bimodal distribution. The latter is related possibly to a smaller number of confined fission tracks in this sample. The mean track lengths of the 4 samples range from 12.3±2.0 μm to 13.50±2.0 μm (Figure 4 ).
The experimental results of zircon fission track (ZFT)
Three suites of ZFT data are achieved in this study (Table  1) .The sample NW03 from the northern section and sample LF06 from the central section are hosted in the Middle Jurassic Tianchihe Formation and the Lower Permian Shanxi Formation, respectively. Their   2 values are <5%; singlegrain age histograms are single-peak; the elder group of ages exceed the hosted strata age, which implies that these samples experienced incomplete annealing. Based on the Gauss fitting decomposing, two younger ages 110 and 148 Ma are obtained from the sample NW03 and LF06, respectively. The sample FY03 from the south sampling section hosted in the Permian sandstone has a   2 value of 86.3%, with a single-peak distribution in single-grain age histogram. The central age of sample FY03 is 128±7 Ma, which is far younger than its hosted strata, indicating complete annealing of the zircon.
Reconstruction of uplift history
The implication for uplift timing and processes recorded by AFT
Apatite fission track ages presented here, along with those presented previously ) can be distinctly divided into three groups ( Figure 5 ): Early to Late Cretaceous, Late Cretaceous to Paleogene, and Early Eocene, indicating a multistage denudation history of the Lüliang Mountains area. All age data sampled along the northern sampling section (NW01-NW03, and NW09) located in the central part of the Ningwu-Jingle syncline are younger than the data selected from its synclinal flanks (NW5, NW10, and NW11), indicating that the synclinal flanks uplifted prior to the core part. The 4 AFT ages from the central sampling section show a trend of increasing toward the core of compound anticline, indicating the earliest uplift occurred in the central part of the compound anticline. According to the theory of fission track annealing, if there is a uniform uplift process as a whole, the higher the elevation, the younger the fission track age. Figure 6 shows that the fission-track age of samples from different host rocks in the study area is negatively correlated with their elevation, which illustrates that the original sedimentary relationship of strata superposition has been changed before uplifting and cooling; that is, the fold deformation of strata has occurred before the onset of large-scale uplift. Inferred from the ages of samples collected from the Precambrian basement, the early compression occurred from later part of the Early Cretaceous to early part of the Late Cretaceous.
Apatite fission track age records the timing when the samples escaped from the partial annealing zone (PAZ). Results from 7 sample sites from the northern and central sampling sections in the study area record a widespread compression and uplift event that occurred during the Early Cretaceous to Late Cretaceous. This event uplifted the Proterozoic basement upon the PAZ.
Based on the ancient geothermal gradient of 30°C/km, the ancient surface temperature of 20°C/km (Ren et al., 1994) , the Proterozoic rocks were buried to ≥2000 m before exhumation in the Early Cretaceous. The overlying sedimentary cover rocks are the Paleozoic to Mesozoic strata. Three AFT ages obtained from northern section located in Ningwu-Jingle syncline record the uplift event during the Late Cretaceous to Early Paleogene. Thus, the Jurassic strata in Ningwu-Jingle syncline were still buried at a depth of ~2000 m in the Early Paleogene. Therefore, it is assumed that there should have been thicker Lower Cretaceous deposits overlying the Jurassic strata than are presently preserved. The age data of the sample NW09 collected from the west flank of Ningwu-Jingle syncline is 49 Ma, younger than the results from adjacent sites. This may be attributed to the location of this sample site in the transitional zone of the syncline and the compound anticline where thrust faults developed, possibly recording the timing of fault activity. The sample LF06 hosted in the Permian strata, collected from the West Hill to Taiyuan City, reveals a fission track age of 45 Ma, indicating an early uplift process on the eastern flank of the Lüliang compound anticline.
Previous studies have shown that the NCC was generally in an extensional tectonic setting in the Early Cretaceous (Zhang Y Q et al., 2006; Zhu et al., 2008; Li et al., 2011 Li et al., , 2012 . The Ordos Basin, located in the west of NCC, underwent extensive filling during the Early Cretaceous. Restoration of the eroded strata shows that the eastern margin of the original sedimentary boundary of the Ordos Basin in the Early Cretaceous likely occupied a position to the east of present Yellow River (Weng et al., 2009) . Combined with the analysis of fission track ages from Ningwu-Jingle syncline and Lüliang compound anticline, it can therefore be deduced that deposition remained on-going in the Early Cretaceous (about 145 to 120 Ma) in the Lüliang Mountains area. However, by late part of the Early Cretaceous (120 Ma) to early part of the Late Cretaceous (100 Ma), there was a transition of the regional tectonic regime and the early extensional regime was replaced by regional compression. This event has been attributed to the far-field effect of subduction and convergence originating from the convergence between the Paleo-Pacific and Eurasian plates (Zhang Y Q et al., 2006; Dong et al., 2007) . Due to the regional compression in the central and northern Lüliang Mountains area, the strata experienced folding and deformation. The highest uplifted regions were the earliest to lift out of the PAZ. Since the Late Cretaceous, the overall uplift process continued in the Ordos Basin as well as in the Lüliang Mountains area, resulting in intensive uplift and denudation in the center of the Lüliang compound anticline (i.e., the Loufang area). By contrast, the core of the Ningwu-Jingle syncline uplifted more slowly, and so suffered less denudation. Until 70 to 60 Ma, the strata located in central Ningwu-Jingle syncline uplifted out of the PAZ, the Lower Cretaceous were the earliest strata to suffer denudation.
The cooling history of samples can also be revealed by the AFT length distribution. Shorter track peaks in the histogram formed inside the PAZ or near it, whereas longer track peaks formed after the cooling event (Gleadow et al., 1986; Donelick et al., 2005) . The fission-track length distributions in the study area are generally unimodal (Figure  4) , which suggests an obvious control related to uplift and cooling processes. Furthermore, the track length distributions of samples from the center of the Ningwu-Jingle syncline show a trend of wide distribution of shorter track length, and narrow distribution of longer track length at the histogram (Figure 4 ). This suggests that these samples have experienced a relatively long-term presence in the PAZ.
Previous studies have shown that widespread uplift processes had occurred since 23±3 Ma Li et al., 2013) . Within this study, it is likely that the studied samples that record the time in the central and northern sampling sections have not been exhumed to the surface. Widespread extensional rifting has occurred around the Ordos Basin during the Eocene to Pliocene. The Datong and Yuncheng basins located to the north and south of Cenozoic Shanxi Grabens respectively began to subside during Oligocene and Miocene, respectively (Figure 1 ). In the adjacent Lüliang Mountain, AFT age data record the correlative uplift event near the grabens (Liu C Y et al., 2008; Li et al., 2013) . Uplift of the Lüliang Mountains and subsidence of the neighboring grabens in the same period is attributed most obviously to tectonic transition of the Tibetan Plateau during the Late Oligocene-Early Miocene (20±2~20±4 Ma), as well as to the far-field effect of the activity around the west Pacific tectonic domain ).
The geological information recorded by ZFT
Three suites of ZFT data collected from the northern, central, and southern sampling sections were obtained. Of these, the ages of 110 Ma recorded by sample NW03 in the northern section and 128±7 Ma recorded by sample FY03 in the southern section are in accordance with the uplift ages recorded by AFT data. The only age data of ZFT in the central section is 148 Ma. Previous studies have shown that there was a regional tectono-thermal event during the Late Jurassic to Early Cretaceous (Sun et al., 1997; Ren et al., 2005 Ren et al., , 2006 and the ZFT age may therefore reflect this tectonicthermal event.
Thermal history modeling
The use of computer techniques to simulate the thermal history, and then to reveal the successive burial and uplift processes of samples, is a common accompanying method that has been widely used alongside fission track thermochronology in recent years (Ketcham, 2005; Yuan et al., 2011) . In this study, Ketcham et al.'s annealing model (Ketcham, 2005) has been used, along with a Monte Carlo method, to reconstruct the uplift processes. The initial conditions of modeling are constrained by factors related to the fission track method and the geological characteristics. The modeling temperature was set between the bottom temperatures (120°C) indicated by the fission track annealing zone to the present surface temperatures (20°C). The time of the modeling is from the Early Cretaceous to present (Figure 7) . The bold line in each plot represents the best-fit thermal history model, the dark-gray regions delineate the best-fit thermal history models, and the light-gray regions mark the statistically acceptable models. The factors of the Kolmogorov-Smirnov test (K-S test) that compared the measurements between actual fission track lengths to the modeling results are between 0.71 and 0.98, and the goodness-of-fit (GOF) factors vary between 0.76 and 0.98, indicating a good fit.
The measured fission track ages from samples NW10 and NW11 from the northern section and samples LF01, LF03, and LF05 from the central sampling section range from 108 to 120 Ma. The modeling results of these ages reveal a consistent cooling path including three stages. The first stage occurred between 120 and 70 Ma, during which the Lüliang Mountains were experiencing a slow period of uplift, and the cooling rate was 0.12 to 0.31°C/Ma. The second stage involved rapid uplift from 70 to 20 Ma, for which the cooling rate was ~0.74°C/Ma. The final stage occurred from 20 Ma until present, and involved a strong uplift process during which the cooling rate was 0.74°C/Ma.
The fission track ages of the measured samples (70-75 Ma) from the Ningwu-Jingle syncline in northern sampling section (NW01-NW03) show a more consistent cooling path, which can also be divided into three stages: slow uplift (100-65 Ma), accelerated uplift (65-12 Ma), and intense uplift (12 Ma to present).
As mentioned above, a widespread uplift event is known to have occurred at 23±3 Ma within the greater region that includes the Lüliang Mountains area, the eastern Ordos Basin, and even the eastern NCC Li et al., 2013) . This event was also recorded by the general unconformity contact between the Paleogene and Neogene Systems in other basins, including the Weihe Basin and Bohai Bay Basin ). Subsequently, the Jinzhong Basin and Linfen Basin, located to the east of the Lüliang Mountains, began to undertake fault-related subsidence during the Pliocene to form depocenters. The Cenozoic strata in the Jinzhong Basin take the form of a preserved wedge of strata that is thicker in the west and thinner in the east. The thickest strata developed in the western piedmont of the Lüliang Mountain range where 1000 to 3800 m of the Pliocene and Quarternary strata are preserved and record evidence for distinct control by piedmont faults along the Lüliang Mountains (Xing et al., 2005) . The lower interval of Pliocene Jinzhong Group, which comprises the oldest Cenozoic deposits in the Jinzhong Basin, and consist mainly of conglomerate, coarse-medium grained sandstone. In the upper interval, the succession changes to become dominated by lacustrine mudstone and other fine clastic rocks. The rapid subsidence of the graben basins and the intensive uplifting along the mountain rim occurred simultaneously: thus we infer a rapid uplift stage of the Lüliang Mountains in the Pliocene.
In the Late Miocene (about 10-8 Ma), an alluvial fan system recorded by the Luzigou Formation developed in the piedmont areas of the Lüliang Mountains (Li et al., 2013) . This succession comprises conglomerate, implying a rapid accumulation of sediments and strong uplift of the Lüliang Mountains.
Based on the statistics of the fission track ages, AFT thermal history modeling and regional geological characteristics, a three-stage uplift history can be proposed for the Lüliang Mountains (Figures 7 and 8 ).The first stage was characterized by relatively slow uplift from 120 to 65 Ma.
In this period, the study area was controlled by regional compressive stress, which resulted in folding of the basement strata. The strata in the core of the compound anticline experienced relatively strong uplift and erosion, which lifted the Precambrian basement from the bottom of the annealing zone to surface as a result. However, there was no discernable uplift in the core of synclines during this stage. The second stage was characterized by accelerated uplift (about 65 to 23 Ma); during this period the uplift process strengthened markedly and developed region-wide synchronicity that reflected a unified, regional dynamic background across the Lüliang Mountains, the Ordos Basin, and neighboring areas. The final stage was characterized by intensive uplift (about 23 Ma to present), which led to a pervasive exhumation and uplift. The basement rocks in the core of the compound anticline, as well as the Jurassic strata in the core of Ningwu-Jingle syncline, were all uplifted to an altitude of 2000 m and suffered significant denudation (Figure 8 ). Uplift became accelerated during the Pleistocene, which resulted in the development of gravel alluvial fans in the piedmont areas. The region also experienced a genetic coupling with the eastern neighboring Cenozoic Shanxi Grabens at this time.
Conclusions
(1) Fission track analysis based on samples from the central and northern sampling sections suggests that the uplift of the Lüliang Mountains occurred mainly after the later part of the Early Cretaceous. Three evolutionary stages record slow uplift (120-65 Ma), accelerated uplift (65-23 Ma), and intensive uplift (23 Ma to present). Of these, uplift activity that has occurred since the start of the Cenozoic is the major lifting period. The Lüliang Mountains area taken as a whole, the uplift activity was non-equilibrium in terms of spatio-temporal development. The uplift timing in central and northern parts of the Lüliang Mountains area commenced earlier than that in the southern part. The conclusion based on fission track analysis is supported by the stratigraphic record in the Lüliang Mountains area and neighboring Cenozoic Shanxi Grabens.
(2) From the Middle Triassic to Early Cretaceous, the Lüliang Mountains area developed as part of the larger Ordos Basin. The region experienced a complex history of synchronous subsidence and uplift. Their evolution differentiation took place since the later part of the Early Cretaceous. The intensive uplift activity, especially since the Miocene, occurred in association with a genetic coupling with the eastern neighboring Cenozoic Shanxi Grabens. Generally, the uplift and evolution processes of the Lüliang Mountains area since the Early Cretaceous occurred in a shared and unified regional geodynamic setting, and was accompanied by uplift and denudation of the Mesozoic successions that had accumulate previously in the Ordos Basin. Further, this activity was associated with the development of neighboring Cenozoic Shanxi Grabens. Collectively, these activities were related mainly to and driven by the far-field effects of both the compression related to the evolution of the Tibet Plateau to the southwest and the subduction of the Pacific Plate to the west in Cenozoic.
